The mammalian circadian timing system consists of a master pacemaker in the suprachiasmatic nucleus (SCN), which is thought to synchronize peripheral clocks in various organs with each other and with external time. Our knowledge about the role of the SCN clock is based mainly on SCN lesion and transplantation studies. We have now directly deleted the SCN clock using the Cre/LoxP system and investigated how this affects synchronization of peripheral rhythms. Impaired locomotor activity and arrhythmic clock gene expression in the SCN confirm that the SCN clockwork was efficiently abolished in our mouse model. Nonetheless, under light-dark (LD) conditions, peripheral clocks remained rhythmic and synchronized to the LD cycle, and phase relationships between peripheral clocks were sustained. Adaptation to a shifted LD cycle was accelerated in SCN clock-deficient mice. Moreover, under zeitgeber-free conditions, rhythmicity of the peripheral clock gene expression was initially dampened, and after several days peripheral clocks were desynchronized. These findings suggest that the SCN clock is dispensable for the synchronization of peripheral clocks to the LD cycle. A model describing an SCN clock-independent pathway that synchronizes peripheral clocks with the LD cycle is discussed.-Husse, J., Leliavski, A., Tsang, A. H., Oster, H., Eichele, G. The light-dark cycle controls peripheral rhythmicity in mice with a genetically ablated suprachiasmatic nucleus clock. FASEB J. 28, 000 -000 (2014). www.fasebj.org
Circadian clocks coordinate a broad range of physiological processes such as the sleep-wake cycle, endocrine functions, locomotion, and various aspects of metabolism. The mammalian circadian timing system is hierarchically organized with a master pacemaker residing in the suprachiasmatic nucleus (SCN) and subordinate peripheral clocks present in most tissues (1) . How different tissue clocks interact to orchestrate circadian rhythms and how this network of clocks is synchronized to external time remains one of the most intensely investigated areas of chronobiology.
Circadian clockwork in the SCN and in the periphery is based on interlocked transcriptional-translational feedback loops driven by a common set of circadian clock genes (2) . The circadian clockwork drives the rhythmic expression of tissue-specific clock output genes, some of which encode signaling molecules, which, in the case of the SCN, include neuropeptides (e.g., prokineticin 2 or arginine vasopressin; refs. 3, 4) . SCN neurons are tightly coupled via gap junctions and neuropeptidergic signaling, resulting in coherent rhythms of electrical activity (5, 6) . Both electrical activity and neuropeptide rhythms serve to transmit time information from the SCN to subordinate clocks in the brain and in the periphery (7, 8) .
The function of the circadian timing system is to adapt an organism's physiology to changes in the environment caused by the rotation of the Earth. Thus, synchronization of the circadian system to the external environment is of utmost importance. The major external timing signal for the circadian clock is light, which is primarily sensed by specialized melanopsin-expressing photoreceptor cells in the retina and directly transmitted to neurons in the SCN via the retinohypothalamic tract (7) . A shift of the lightdark (LD) cycle or a light pulse rapidly resets the temporal expression patterns of clock genes in the SCN, and SCN clock resetting is faster than peripheral clock resetting (9) . SCN lesions abolish light-induced changes of clock gene expression in peripheral organs (10) , suggesting that the SCN is an indispensable relay station for the transmission of light information to peripheral clocks. Accordingly, SCN lesions result in severely impaired peripheral clock and physiological rhythms in LD and constant darkness (DD, dark-dark) (11) (12) (13) (14) (15) (16) (17) , which is consistent with the view of the SCN as the master pacemaker at the top of the hierarchy of the circadian timing system.
A widely used approach to investigate cell-organismal level hierarchies within biological networks is the tissuespecific deletion of regulatory genes. For example, in a recent study, the hierarchical organization of the Drosophila circadian network was investigated by conditionally expressing mutant alleles of kinases, which change the period length of the circadian clock in genetically defined subpopulations of clock neurons in the fly brain (18) . The work revealed that multiple independent oscillators in the fly brain orchestrate the circadian timing system in Drosophila and not, as previously believed, a small set of master pacemakers.
In keeping with the idea of using a genetic approach to tackle network hierarchies, we have, as a first step, deleted the core clock gene Bmal1 in the SCN using a recently established driver line [synaptotagmin10-Cre (Syt10
Cre )] that directs expression of CRE recombinase to the SCN at a level well above that of any other brain region (19, 20) . Syt10
Cre -driven deletion of the core clock gene Bmal1 (21, 22) efficiently disrupts SCN clock function (20) . Consistent with the current model of the SCN as the circadian master pacemaker, we found in Syt10
Cre/Cre Bma1l fl/Ϫ mice kept in DD that molecular rhythms in peripheral tissues were gradually desynchronized. In contrast, under LD conditions molecular rhythms in peripheral clocks were maintained and remained synchronized to the LD cycle. These data suggest that an SCN clock-independent pathway can synchronize peripheral clocks with external time.
MATERIALS AND METHODS

Animals
Syt10
Cre mice (20) were crossed to a mouse line carrying a conditional allele of Bmal1, allowing Cre-mediated deletion of the exon encoding the BMAL1 basic helix-loop-helix domain (Bmal1 mice were crossed to Per2Luc reporter mice (13) . All mouse lines were backcrossed to C57BL/6 mice for Ն9 generations. Male mice at 2-6 mo of age were used.
Behavioral experiments
Animal experiments were performed in compliance with the German Law on Animal Welfare and were ethically approved and licensed by the Office for Consumer Protection and Food Safety of the State of Lower Saxony. Mouse housing and behavioral monitoring were performed as described previously (23) . Mice were individually housed in cages equipped with a running wheel. Unless stated otherwise, mice were kept in a 12-h LD cycle (LD 12:12, 350 lux if not otherwise mentioned) before they were released into DD. Wheelrunning data were analyzed using the ClockLab software package (Actimetrics, Wilmette, IL, USA). For the jet lag paradigm, mice were kept in LD 12:12 for Ն10 d, followed by a rapid advance of the LD cycle by 6 h (timing of lights on was advanced, resulting in a short-transition dark phase; ref. 24) . For the analysis of jet lag data, locomotor activity onsets were determined by visual inspection of actograms; 7-8 animals were analyzed for each genotype.
In situ hybridization (ISH)
Animals were entrained for Ն2 wk in LD 12:12 in cages equipped with a running wheel and then were euthanized at 4 time points in LD or on the second day after release into DD, starting at 37 h after "lights off." Brains were collected and frozen in optimum cutting temperature (OCT) medium (Tissue-Tek; Sakura, Alphen aan den Rijn, The Netherlands), and 14-m coronal cryosections were prepared. The rostrocaudal extent (coordinates from bregma; ref. 25) was Ϫ0.34 to Ϫ0.58 mm. Sections were hybridized with 35 S-UTP-labeled antisense RNA probes directed against the clock gene and clock output gene transcripts, as described before (9) . Relative quantification of expression levels was performed by densitometric analysis of autoradiograph films as described previously (9) . Data from 3 central SCN sections were averaged for each animal, and each section was background corrected by subtracting the densitometric values of the anterior hypothalamic regions. For each genotype, 3 animals were analyzed.
Real-time quantitative PCR (qPCR)
Animals were entrained and euthanized as described above. Livers, adrenal glands, kidneys, and hearts were immediately frozen in liquid nitrogen. RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA) and DNase treated (Turbo DNA-Free Kit, Ambion, Austin, TX, USA). cDNA synthesis was performed (SuperScript II; Invitrogen) using random hexamer primers. Real-time qPCR was performed on a CFX-96 thermocycler (Bio-Rad, Hercules, CA, USA) with IQ SYBR Green Supermix (Bio-Rad) according to the manufacturer's protocol. Primer sequences were as described previously (9) . Eef1␣ expression was used for normalization, and relative quantification (⌬⌬C T method) was performed as described previously (9) . For each time point, 3-5 animals were analyzed. Luc/ϩ ) were kept in LD 12:12 for Ն2 wk. Mice were euthanized between zeitgeber time (ZT) 11 and ZT12 (ZT0 is defined as the time of lights on). For the jet lag experiment, mice were kept in LD 12:12, and tissue explants were prepared and cultured (d 0). On the next day (d 1), the timing of lights on was advanced by 6 h, and tissue explants were prepared and cultured on d 2 and 4 after the shift in the LD cycle. For each genotype, 10 animals were analyzed. For the DD experiment, mice were kept in LD 12:12, and tissue explants were prepared and cultured. Then mice were released into DD, and on the seventh day in DD, explants from the same organs were prepared and cultured. For each genotype, 10 animals were analyzed. Tissues were harvested into ice-cold Hanks' balanced salt solution (Life Technologies, Grand Island, NY, USA) and embedded in 4% low melting agarose (Invitrogen). Slices (300 m thick) were prepared using a Vibratome (Campden Instruments, Loughborough, UK). To obtain the SCN, the ventral hypothalamus containing the SCN was dissected from a coronal brain slice using a fine scalpel blade. Tissue slices were placed onto culture plate inserts (Millipore, Billerica, MA, USA) in 35-mm Petri dishes with culture medium [DMEM with high glucose without l-glutamine and phenol red (Invitrogen), 0.35 mg/ml sodium bicarbonate, 10 mM HEPES, 2 mM l-glutamine, 2% B-27 supplement, 25 U/ml penicillin/streptomycin, and 0.1 mM d-luciferin (Life Technologies)]. Petri dishes were covered with round glass coverslips and sealed with silicon grease. Luminescence was measured in a LumiCycle luminometer (Actimetrics) at 32.5°C with a sampling rate of 10 min. For rhythm analysis, a 24-h moving average baseline subtraction was performed with the LumiCycle analysis program (Actimetrics), and the data were visualized with Prism software (GraphPad Software Inc., San Diego, CA, USA). The phase of explants was determined by using the time of the second peak in culture.
Luciferase recordings of tissue explants
Corticosterone measurements
Mice were kept in wheel cages in LD 12:12 for Ն10 d. At 3 d before the first sampling, mice were transferred into wheel cages equipped with wire grid floors. Fecal samples were continuously collected at 4-h intervals and stored at Ϫ80°C. Corticoid metabolite extraction and quantification using the ImmuChem Double Antibody 125 I-Radioimmunoassay Kit (MP Biomedicals, Salon, OH, USA) were performed as described previously (26) . For each genotype, 5 animals were analyzed.
Data analysis and statistics
Data are means Ϯ sem, and statistical comparisons were made using GraphPad Prism, Oriana (Kovac Computing, Anglesey, Wales), CircWave analysis (R. Hut, University of Groningen, Groningen, The Netherlands), or Excel software (Microsoft Corp., Richmond, WA, USA). Values of P Ͻ 0.05 were considered significant. For gene expression data visualization, standard sine waves were fit to the normalized expression data. To test whether gene expression and corticosterone data followed a circadian rhythm, CircWave multiple harmonic regression analysis was performed using CircWaveBatch 3.3 software (http://hutlab.nl/) with a significance level threshold of 0.05 (F test) and period length restricted to 24 h (27, 28) . Peak times and amplitude values were determined using CircWave software. Phase shifts were calculated by comparing peak times. Amplitudes were compared using 2-way analysis of variance (ANOVA) with Bonferroni posttests. Peak times were correlated by fitting a linear regression line. Rayleigh uniformity tests were used to assess clustering of peak times (29) using Oriana software.
RESULTS
Absence of a molecular circadian clock in the SCN of
Syt10
Cre/Cre Bmal1 fl/؊ mice
Cre -mediated Bmal1 deletion in the SCN results in arrhythmic locomotor activity in DD, indicating that the SCN clock is efficiently abolished (20) . Consistent with this observation, we found that the molecular clockwork was impaired in the SCN of Syt10
Cre/CreBmal1 fl/Ϫ mice. ISH of clock and clock output genes in the SCN was performed on sections from Syt10
Cre/CreBmal1 fl/Ϫ mice kept under LD or DD conditions. Under LD conditions, expression rhythms of D site albumin promoter binding protein (Dbp), arginine vasopressin (Avp), and nuclear receptor subfamily 1, group D, member 1 (Reverba) were greatly dampened compared with those in controls (Syt10
), and no significant circadian variation was detectable in Syt10
Cre/Cre -Bmal1 fl/Ϫ SCNs (Fig. 1A) . Per2 expression was also severely dampened, but we noted a minor, but statistically significant, elevation of mRNA levels at the beginning of the light phase (Fig. 1A) , which we believe reflects the well-known direct light responsiveness of the Per2 promoter (30) . On the second day in DD, SCNs from Syt10
fl/Ϫ mice showed greatly down-regulated Per2, Avp, and Dbp expression levels, and CircWave analysis failed to detect significant circadian rhythmicity, whereas control mice showed pronounced rhythmic expression of all 3 transcripts (Fig.  1B) Fig. 2) , although slightly reduced amplitudes (Fig. 2 , #) and phase advances (Fig. 2,  †) were observed for some clock genes in some tissues. Regression analysis revealed a strong correlation between expression peak phases in controls and SCN clock-deficient mice with a slope close to 1 (Supplemental Fig. S1A ), suggesting that the internal phase relationship between different clock genes and different organs was preserved. However, an overall phase advance determined from the x intercept of the regression line of ϳ2. lations are preserved and synchronized to the LD cycle and with each other.
Gradual resetting of peripheral clock rhythms by a shifted LD cycle
If Bmal1 is deleted in all cells of the body (panknockout), and molecular rhythms are therefore abolished, locomotor behavior becomes directly lightdriven ("masking"; ref. 21) . Therefore, we investigated whether the molecular (Fig. 2) and behavioral rhythms (20) that we observed in SCN clock-deficient mice either are the result of masking or reflect an endogenous rhythm that is synchronized to the LD cycle. To test for masking, we subjected all 3 genotypes to a 4-h light/4-h dark protocol. LD cycles of 8 h are out of the range of entrainment for normal circadian clocks, but because 24 is a multiple of 8, a robust circadian clock can adapt to such zeitgeber conditions by skipping cycles (known as frequency demultiplication). As expected, control mice largely restricted their locomotor activity to 2 of the 3 dark phases (Fig. 3A) . Mutant and pan-knockout mice, in contrast, were equally active in all 3 dark phases irrespective of the time of the day, reflecting masking.
We next subjected control, Syt10
Cre/Cre
Bmal1 fl/Ϫ
, and congenic pan-Bmal1 knockout mice (Syt10
, pan-knockout) to a jet lag paradigm, in which the LD cycle was advanced by 6 h. Under LD conditions before the shift of the LD cycle, mutant mice appeared to have slightly advanced locomotor activity onsets, which might be an indication of an oscillatory mechanism (31). However, this effect was not significant and did not respond to changes in zeitgeber strength (i.e., light intensity; Supplemental Fig. S2 ). During the jet lag paradigm, control mice gradually adapted their locomotor activity onset to the advanced LD cycle, but Syt10
Bmal1
fl/Ϫ and pan-knockout mice shifted their onset to the new LD cycle within 1 d (Fig. 3C) . Half-shift times (HSTs) were significantly different between controls and Syt10 
fl/Ϫ mice and pan-knockout mice shifted at similar rates (Fig. 3B) ) mice during the 6-h advance jet lag paradigm. Tissues were prepared on the day before the shift (d 0) and 2 and 4 d after the shift, and PER2LUC peak phases were determined for adrenal, liver, kidney, and heart explants. Consistent with what we had observed with real-time qPCR (Fig. 2) 
fl/Ϫ mice appeared slightly phase advanced during LD conditions before the shift compared with those for the controls (Fig. 3EϪH, d 0) . From d 0 (before the LD shift) to d 4 after the LD shift, PER2LUC peak times adapted to the new LD cycle (e.g., Fig. 3D, control) . Gradual adaptation of PER2LUC peak times was observed for control mice in all tissues (Fig. 3CϪF) ; mutant mice, however, showed gradual adaptation of PER2LUC peak times in adrenal gland and liver, whereas kidney and heart showed a complete phase shift already on d 2 (Fig. 3CϪF) . A 2-way ANOVA revealed a significant interaction between time after the LD shift and genotype, indicating that, overall, the peripheral clocks of the Syt10
Cre/Cre Bmal1 fl/Ϫ mice adapted faster to a shifted LD cycle than the peripheral clocks of control mice.
An endocrine readout of the adrenal clock is the circadian release of glucocorticoids (32) . We thus measured the synchronization kinetics of corticosterone rhythms to a shift in the LD cycle by monitoring fecal corticosterone excretion at 4-h intervals for 4 consecutive days in control and SCN clock-deficient mice. Both, control and SCN clock-deficient mice gradually adapted their corticosterone excretion rhythm to the new LD cycle (Fig. 3I, J) . A comparison of peak times and shift rates revealed that corticosterone rhythms reset considerably faster in SCN clock-deficient mice than in control animals (Supplemental Fig. S3 and Fig.  3I ), indicating that the presence of a functional SCN clock stabilizes glucocorticoid phasing. This raises the possibility that, in contrast to locomotor activity, corticosterone rhythms in Syt10
Cre/Cre Bmal1 fl/Ϫ mice are not merely light-driven but reflect an endogenously generated rhythm that is synchronized to the LD cycle in the absence of a functional clock in the SCN. However, the resetting of peripheral clocks to a new LD cycle is accelerated in SCN clock-deficient mice.
Upon release into DD, peripheral clock rhythmicity is initially preserved but dampened in
Syt10
The gradual resetting of corticosterone and tissue clock gene rhythms during jet lag offers the possibility that even without a functional SCN clock peripheral circadian rhythms are maintained by endogenous tissue clocks that are synchronized to the LD cycle. If that is the case, peripheral clock rhythmicity should also be observable in the absence of an external zeitgeber. To test this, we measured clock gene expression by realtime qPCR in different tissues of animals euthanized on the second day after release into DD. We found that in Syt10 Cre/Cre Bmal1 fl/Ϫ mice clock gene transcript rhythms were preserved for most genes in most tissues (17 of 20 cases; Fig. 4) . In 14 of 20 cases, though, gene expression oscillated with lower amplitude (Fig. 4, #) , and in 18 of 20 cases, profiles were phase advanced in SCN clock-deficient mice relative to those in controls (Fig. 4,   †) . Similar to the LD findings, the phase relationship between different transcripts and tissues appeared largely preserved, because peak phases correlated between control and SCN clock-deficient mice (Supplemental Fig. S1B ). Comparing DD to LD gene expression data, we found that in DD more genes were dampened than in LD (14 in DD vs. 10 in LD). The correlation between control and SCN clock-deficient peak phases was slightly weaker in DD than in LD (Supplemental Fig. S1 ), an indication for increased internal desynchrony, i.e., a loss of phase coherence SCN CLOCK AND PERIPHERAL RHYTHMS 
(I) and mutant (Syt10
Cre/Cre Bmal1 fl/Ϫ ) mice (J) are shown. K) Phase shifts were calculated from sine wave peaks on the different days of the jet lag and a sigmoid dose-response curve was fitted to the data to obtain HSTs. Act, activity, data from panel B; Cort, corticosterone, data from panels I and J). Dotted line indicates an HST of 0.5 h, which represents a shift on the first day. *P Ͻ 0.05, mutant Act vs. mutant corticosterone, F test.
# P Ͻ 0.05, HSTs for control activity, control corticosterone, and mutant corticosterone were significantly different from 0.5 h, but mutant activity was not, 1-sample t test.
between different peripheral tissue clocks, in SCN clock-deficient mice in DD.
After extended time in DD peripheral clocks desynchronize in Syt10
Cre/Cre Bmal1 fl/؊ mice To find out whether and how long circadian rhythms are sustained without zeitgeber input (DD) in SCN clock-deficient mice, we measured fecal corticosterone excretion for several days after release into DD. The advantage of this noninvasive continuous readout of the adrenal clock is that individual animals can be followed longitudinally, which circumvents the possible confound of averaging different and potentially desynchronized animals. In LD, corticosterone was rhythmically excreted in mice of both genotypes ( Fig. 5A and Supplemental Fig. S4 ), but, similar to clock gene activity, corticosterone excretion rhythms of SCN clockdeficient mice tended to be phase advanced compared with those of the controls. In DD, circadian corticosterone rhythmicity was preserved for the first 2 d in both genotypes, which was seen in individual mice (Supplemental Fig. S4 ) as well as in the compound data (Fig.  5A) . Onward from the third day in DD, the 24-h oscillation of corticosterone excretion started to deteriorate in individual SCN clock-deficient mice, and on d 7 in DD, circadian rhythmicity was no longer detectable ( Fig. 5A and Supplemental Fig. S4 ). Corticosterone rhythm amplitudes were lower in SCN clockdeficient mice than in controls in DD (Fig. 5B) . Of note, despite the loss of circadian rhythmicity of corticosterone in mutant mice from d 3 in DD onward, we still observed unstable ultradian variations of corticosterone release in these mice (Fig. 5A) , similar to what we had seen for locomotor activity (20) . Recent studies using circadian reporter mice showed that tissue explants from SCN-lesioned animals sustain circadian rhythmicity in vitro (13) and in vivo (33, 34) ; the synchrony between peripheral clocks, however, is severely disrupted because the master clock is absent (13, 33 
Bmal1
fl/Ϫ mice euthanized in LD and on the seventh day in DD. Reminiscent of what we had observed for gene expression (Fig. 2) , peak phases in LD were phase advanced in tissues from SCN clock-deficient animals relative to those of controls (Fig. 5C ). Rayleigh tests revealed that the peak times of control tissues and of tissues of Syt10
Cre/Cre Bmal1 fl/Ϫ mice were significantly clustered (i.e., synchronized) in all organs in LD (Fig. 5C ). In contrast, in DD, the distribution of peak phases was much broader in SCN clock-deficient mice than in control mice and no longer significantly clustered (Fig. 5D) , similar to what had been observed in SCN-lesioned animals (13) . Quantification of the sd of peak phases revealed increased desynchrony between animals (Fig. 5E ) and increased internal desynchrony (i.e., desynchrony be- 
fl/Ϫ mice in DD (Fig.  5F) . Thus, together with the circadian gene expression profiles and corticosterone data, the PER2LUC activity experiments suggest that without an SCN clock, peripheral clocks depend on external zeitgeber input (i.e., LD rhythms) to sustain coherent rhythmicity.
DISCUSSION
We set out to genetically dissect the hierarchical organization of the circadian timing system. As a first step, we eliminated the SCN clock that resides at the top of the hierarchy. The Cre/loxP system had previously been used to delete Bmal1 and thereby efficiently disrupt peripheral clock function in various tissues (22, 35, 36 SCNs in LD and DD (Fig. 1) 
Bmal1
fl/Ϫ mice showed arrhythmic locomotor behavior immediately on release into DD similar to mice with disruption of Bmal1 in all tissues (20, 21) . Collectively, these data provide bona fide evidence for the SCN clock in Syt10
fl/Ϫ mice to be efficiently abolished, although one cannot exclude residual individual cellular clocks or stochastic oscillations in the circadian range as has been shown even in Bmal1 pan-knockout animals (37) .
Even though the SCN clock was clearly impaired in Syt10
Bmal1
fl/Ϫ mice, peripheral clocks maintained high amplitude rhythmicity with stable phase relationships under LD conditions, indicating that systemic synchrony was maintained. Note, however, that the phase and amplitude of clock gene rhythms were slightly altered (Fig. 2) and peripheral resetting to a new LD cycle (Fig. 3) was accelerated in the absence of the SCN clock. On release into DD, peripheral clock gene expression rhythms were initially maintained (Fig.  4) , but after several days without external timing information, peripheral clocks were desynchronized (Fig.  5) . Our results thus reveal complex interactions between the external light regimen, the SCN clock, and peripheral clock rhythms. In the case of SCN lesions, the outcome was quite different from ours. Such lesions abolish circadian rhythmicity in DD and in LD at all levels encompassing locomotor activity (38) , drinking behavior (39), body temperature (40) , the release of hormones such as corticosterone and melatonin (14, 41) , and gene expression rhythms in peripheral tissues (11, 12, 14 -17) .
The diagram in Fig. 6 schematically illustrates the organization of the circadian timing system with and without an SCN clock. Shown on top is the environmental light regimen that impinges, mainly via the retinohypothalamic tract, on the SCN clock, which in turn sends rhythmic output signals to subordinate peripheral oscillators (Fig. 6A , canonical pathway, shown in black). Based on our findings, we posit that there exists a second photoresponsive pathway (shown in red) that passes through the SCN without interacting with the SCN clock itself but also reaches subordinate peripheral clocks. Notably, clock gene expression and PER2LUC activity in peripheral clocks as well as corticosterone rhythms were phase advanced in SCN clockdeficient mice, suggesting that the modulation of the light signal by the SCN clock in control mice delays the entrainment signal, which in the case of SCN clockdeficient mice that have lost this SCN clock modulation of the signal, leads to phase advances in the periphery relative to those in control animals.
In line with the model described in Fig. 6 , it has been shown that the temporal pattern of light-induced clock gene expression is different between the SCN clock and the adrenal clock, indicating that light information might induce clock gene expression in the periphery independently of the SCN clock (43) . Under DD conditions, peripheral clocks receive timing information solely by the SCN clock via the canonical pathway. In SCN clock-deficient animals the light signal passing through the canonical pathway cannot be transduced to peripheral clocks; however, in LD, peripheral clocks are still reset through the second (red) pathway (Fig.  6B) . In DD, both the canonical and the alternate pathway are impaired and rhythmicity of the peripheral clocks is abolished within a few days. In the case of a surgical SCN lesion, not only is the SCN circadian clock eliminated but also the complete light-transducing circuit to the circadian timing system is ablated, resulting in severely impaired peripheral rhythmicity and synchrony in LD and DD (11-13, 15-17, 33) . Nonetheless, suitable external time cues such as food or temperature still have the opportunity to impose a rhythm to peripheral clocks without engaging the SCN (34, 44) .
Does the peripheral rhythmicity in SCN clock-deficient mice qualify as entrainment, i.e., the resetting of endogenously driven clocks, or is it better explained by direct light-responsiveness (i.e., masking)? Two points argue for an entrainment mechanism: on release into constant conditions, peripheral clock gene expression and corticosterone rhythms are sustained for Ն2 d; and under jet lag conditions, gradual realignment of endocrine and clock gene rhythms with the LD cycle is observed at least for the adrenal glands and the liver. On the other hand, without the SCN, overt peripheral rhythms cannot be sustained for extended times in DD, which speaks against a stable, internally driven pacemaker. Moreover, during a jet lag paradigm the resetting of peripheral organs is greatly accelerated in mutant mice, and some organs (heart and kidney) as well as the rhythm of corticosterone complete the 6-hour advance within 2 d, which might indicate a light-driven mechanism. Thus, currently the best explanation for our findings is a tissue-dependent combination of direct light responsiveness and endogenous clock entrainment.
Whereas our study supports the existence of a noncanonical light input pathway to the periphery, the nature of the signals that reset peripheral clocks in the absence of the SCN pacemaker remains to be determined. Light-driven behavioral rhythms may mediate SCN clock-independent entrainment of peripheral clocks to the LD cycle. Wheel-running behavior was rhythmic in SCN clock-deficient mice in LD, and under short T cycles, light masking of activity was fully preserved. These light-driven rest-activity rhythms most likely will cause animals to take in food in a rhythmic manner, which would provide a potent resetting signal for peripheral clocks (44) , as was the case even in SCN-lesioned animals (34) . Importantly, locomotor activity rhythms were immediately abolished on release of SCN clock-deficient mice into DD (20) , whereas gene expression and corticosterone rhythms persisted for some time, suggesting that neither locomotor activity nor feeding drive peripheral clock rhythms, although they may still be part of the mechanism that synchronizes them to the LD cycle. Another potential synchronizing mechanism in the situation shown in Fig.  6B is autonomic afferents passing through the SCN and transmitting external light information to peripheral clocks. It has been shown that light can directly induce clock gene expression in peripheral tissues via the autonomic nervous system (10, 15) and that adrenaline and noradrenaline regulate clock gene expression in the liver (15) . After SCN lesioning, the light input pathway to the periphery is interrupted, and, thus, light loses the ability to regulate the autonomic nervous system (45, 46) as well as the ability to induce clock genes in the periphery (10) . This is probably not the case in our genetic SCN clock deletion model, because SCN neuronal function and the afferents and efferents from the SCN are not affected by the deletion of the clock gene Bmal1 (20) , and, thus, autonomic efferents passing through the SCN could transmit timing information to the periphery. Additional routes of peripheral synchronization may involve other brain clocks (e.g., in the pituitary), which may reset directly to light input and then signal to peripheral clocks in other organs (e.g., via adrenocorticotropic hormone).
Finally, corticosterone is a well-known clock-resetting signal (47) . In SCN clock-deficient mice corticosterone was rhythmic and phase advanced (Fig. 5A) , similar to peripheral gene expression rhythms (Fig. 2) , making corticosterone a bona fide candidate for mediating peripheral clock synchronization. This observation suggests that, as a source of glucocorticoids, the adrenal clock may hold a prominent role in the circadian timing system, an idea that has been suggested previously (9, 10, 47) . In keeping with the idea of a genetic dissection of the hierarchically structured circadian timing system, a next step is to delete Bmal1 both in the SCN and in the adrenal glands. Potentially, this could impair photic resetting of other peripheral clocks and thus shed light on the hierarchies within the peripheral clock network. 
